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Abstract 
A significant cost for carbon capture and storage (CCS) can be associated with transporting the captured carbon dioxide (CO2) to 
injection sites. It may be possible to reduce these costs by matching the CO2 sources and sinks through an appropriate pipeline 
network. A model for optimising CCS pipeline networks, including multiple emission sources, capture plants and injection 
locations, is under development. The optimisation is based on minimising the cost of the network using a genetic algorithm. The 
“total CCS network cost” includes the costs of building, operating and abandoning the capture plants, pipeline network and 
injection sites. As a case study, the optimisation model is used to design a CCS network for the emission sources in the south-
eastern Queensland region. Different injection locations are considered. The optimal network is one in which all of the captured 
CO2 is transported via a branching network and stored at an injection location close to the emission sources. The pipeline and 
compression costs for the optimal network are A$18 per tonne of CO2 avoided, or approximately US$15 per tonne of CO2 
avoided. These costs are 9% less than the pipeline and compression costs for a network that follows existing gas pipeline routes. 
The total CCS network cost was A$78 (US$66) per tonne of CO2 avoided. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
A part of the costs of CCS is associated with transporting the captured carbon dioxide (CO2) to injection sites [1]. 
This component can become significant when the storage locations are further than a few hundred kilometres away 
from the emission sources [2], a case which is a common occurrence. One way to reduce these costs is by optimising 
the design of the pipeline network that links the CO2 sources and sinks. It has been suggested that collecting several 
CO2 sources into a single pipeline is more cost-effective than the use of separate pipelines [3]. In addition, a CCS 
transport network presents several advantages over point-to-point transport [4]. These include a lower cost per tonne 
of CO2 transported, a smoothing of CO2 flow variations at the injection point caused by potentially intermittent 
capture sites (e.g. peaking power plants), as well as more operational flexibility. Moreover, a CCS network 
incorporating multiple capture plants has the potential to improve the cost-effectiveness of use of remotely located 
large storage reservoirs [3]. 
c⃝ 011 Published by Elsevier Ltd.
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A number of studies examine how to minimise the net present value (NPV) of the total capital and operating cost 
of transport [5]. However, this approach does not consider any extra CO2 emissions related to operating the transport 
network and, therefore, will not necessarily yield the lowest CCS network cost per tonne of CO2 avoided. For this 
reason, the design of capture and injection facilities must be integrated with the design of an optimal CCS transport 
network.  
Given that the cost and design functions associated with a CCS transport network are non-linear and that the 
nature of the network connectivity is combinatorial, a heuristic technique may be more suitable than a Mixed Integer 
Linear Programming (MILP) model [1] or a Newton Method-based non-linear optimisation method. Genetic 
algorithms are a type of heuristic technique suitable for this type of optimisation. 
The purpose of this paper is to determine which characteristics of a CCS transport network are most important 
from the point of view of reducing the total CCS network cost per tonne of CO2 avoided. This paper also describes 
the development of a method for determining the characteristics of an optimal CCS pipeline network with the 
minimum total cost per tonne of CO2 avoided. The method starts with specification of the emission sources, capture 
plants and injection locations that form the CCS network. Then, based on these specifications, the Integrated Carbon 
Capture and Storage Economics Model (ICCSEM) developed by the CO2CRC [6] is used for the engineering and 
economic calculations. The economic calculations include the costs of building, operating and abandoning the 
capture plants, pipeline network and injection sites. Finally, the minimum total cost of the network per tonne of CO2 
avoided is evaluated using a combination of heuristics and a genetic algorithm. 
2. Problem description and assumptions 
The main components of a CCS network are the CO2 capture plants, the injection sites and the pipeline network 
connecting them. The “total CCS network cost” includes the costs of building, operating and abandoning the capture 
plants, pipeline network and injection sites. The “specific cost of CO2 avoided”, or simply the “specific cost”, is the 
total CCS network cost per tonne of CO2 avoided. This entails calculating the NPV of CO2 avoided (α), which is the 
difference between the NPV of CO2 emitted without CCS (ε0) and the NPV of CO2 emitted after CCS has been 
implemented (ε). The NPV of CO2 avoided can also be calculated as the difference between the NPV of the total 
CO2 captured by CCS (κ) and the NPV of CO2 generated by the power source/s used to provide the energy for CCS 
(γ). Mathematically, this is expressed by:  
 0α ε ε κ γ= − = −  (1) 
The specific cost of CO2 avoided, which is the objective function for minimisation (fobj), can then be obtained by 
dividing the NPV of the total CCS network cost (Cccs) by the NPV of CO2 avoided (fobj = Cccs/α). 
The main economic output from the model is the before-tax real specific cost of CO2 avoided. The output also 
includes a detailed breakdown of capital and operating costs for capture, transport and injection. Design outputs for 
the optimised network include the pipeline dimensions and duplication where required; the location of any required 
booster stations; the injection rates and the number of wells required at each injection site.  
2.1. Modelling assumptions 
For the economic calculations a 7% real discount rate is used and costs are reported in real year 2009 terms. 
Taxes and the price of CO2 are not considered. These and other main simulation parameters are described elsewhere 
[7]. 
The level of design detail used in the optimisation procedure is that of an economics scoping study. At this stage 
of development of the procedure, a number of assumptions are made in order to simplify the calculations and reduce 
the computation time, whilst keeping the main characteristics of the problem. These assumptions will be relaxed at 
later stages of model development. The major assumptions currently used at this stage of model development are as 
follows:  
• Flow rates of CO2 are fixed for the duration of the project. 
• A post-combustion, heat-integrated, MEA solvent absorption capture plant is located at each emission source.  
• Pure CO2 is produced after capture, then compressed to the pressure required for transport through the pipeline 
network (typically 80-140 bar). 
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• The power needed to operate the capture, transport and storage operations is purchased from the electricity grid.  
• In calculating the costs per tonne of CO2 avoided, emissions and costs associated with the generation of the 
power required for the CCS network are included in the calculations.  
• The amount of CO2 injected at each storage location is restricted only by the maximum feasible flow rate for a 
given injection scheme.  
• The effects of topography are ignored. The distance between nodes is calculated as the shortest possible distance, 
neglecting the effect of changes in altitude, as well as extra costs associated with building pipelines across roads, 
rivers, cities, national parks, etc. 
Under this set of assumptions, the optimisation algorithm varies the following set of variables: 
• Network connectivity (which pipeline links will be constructed) 
• For each pipeline: pipeline diameter (Dp), number of pipeline segments, with intermediate booster stations (Ns) 
and number of parallel pipelines/loops (Np) 
• For each injection location: injection flow rate (-Ei), well diameter (Dw) and number of wells (Nw) 
Other design variables such as pipeline steel grade and flange class, well spacing and well type 
(horizontal/vertical/deviated) are not varied for this study. However, they can also be easily varied by the 
optimisation model if required. At the current stage of development, only one capture technology is considered; 
however, future versions of this optimisation procedure will include the selection of the capture technology. 
2.2. Case study scenario 
As a case study, the optimisation model is used to design a hypothetical CCS network in south-east Queensland 
in Australia. The emission sources consist of flue gases from several pulverised black coal and NGCC power plants, 
as well as petroleum refineries. The total amount of CO2 captured and injected is 25.8 Mtpa over 25 years. The 
location of the source and sink nodes is depicted in Figure 1.  
 
Figure 1. Schematic of the emission sources and injection sites considered in the south-east Queensland case study. 
Emission source and reservoir data are summarised in Table 1 and Table 2 respectively. CO2 emission flow rates 
for the power plants included in the case study are calculated using data from the Australian Energy Market 
Operator (AEMO). The emission sources considered in the case study also include two petroleum refineries, and 
their CO2 emission rates (Ei) are obtained from Allinson et al. [8]. The calculated total emission rate of CO2 is in 
line with predictions for 2020 [8]. Reservoir properties were also taken from Allinson et al. [8]. It is interesting to 
note that the shallow horizons for both the close and distant basins present the most favourable injection properties, 
namely high porosity and permeability.  
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Table 1. Summary of emission data for the CO2 sources considered [8]. 
Emission source Source type CO2 emission mass flow rate (Mtpa) 
Captured CO2 mass 
flow rate (Mtpa) 
Braemar – Wambo Natural gas power plant 1.2 1.1 
Bulwer Island 
& Lytton, Brisbane Petroleum refineries 1.7 1.5 
Condamine Natural gas power plant 0.4 0.3 
Darling Downs Natural gas power plant 1.7 1.6 
Kogan Creek Black coal power plant 4.5 4.1 
Millmerran Black coal power plant 5.1 4.6 
New CCGT Natural gas power plant 1.7 1.6 
Swanbank E Natural gas power plant 1.1 1.0 
Tarong A&B Black coal power plant 8.5 7.7 
Tarong North Black coal power plant 2.7 2.4 
Total 
 
28.6 25.8 
Table 2. Summary of sink data for the injection locations considered [8]. 
Injection location Average distance (km) 
Reservoir depth 
(m) Porosity 
Permeability 
(mD) 
Thickness 
(m) 
Close-shallow 260 1200 25% 6000 30 
Close-mid 230 1700 22% 750 75 
Close-deep 215 2200 19% 100 130 
Distant-shallow 900 1200 22% 3520 50 
Distant-mid 950 1700 18% 120 100 
Distant-deep 1040 2000 16% 18 150 
3. Methodology 
For the purposes of modelling the connectivity of the emission sources and injection sites (sinks), CCS transport 
networks are defined by making use of two components: nodes and links. Two types of nodes are defined: source 
nodes and sink nodes. Each node has an emission value associated with it, which could be positive (at source nodes), 
zero (at inactive sink nodes) or negative (at active sink nodes). Links represent pipelines in the CCS network and 
may include a number of booster stations and pipeline segments. Engineering and economic calculations are carried 
out using ICCSEM, which performs simple mass and energy balance calculations to estimate process equipment 
sizes. Equipment costs are then estimated using algorithms developed from heuristics, literature data and vendor 
quotes. Details of these calculations are provided elsewhere [7]. 
3.1. Objective function calculation 
The procedure first determines the injection rate (Ei), number of wells (Nw) and well diameter (Dw) at each sink 
node and the mass flow rate of CO2 for each pipeline link (Fi). It then determines the inlet temperature of each of 
these flows (Tin,i), which are needed for the compressor design calculations. In the subsequent step, heuristics are 
used to determine the pipeline diameter (Dp) required for each pipeline link, as well as the number of booster 
stations required for each link, which in turn determines the number of pipeline segments needed (Ns). As a final 
step, the economic calculations are performed and the cost per tonne of CO2 avoided is calculated. 
3.1.1. Heuristics utilised 
The objective function has a non-linear dependence on the variables in the optimisation. Moreover, the search 
space increases exponentially as more nodes are added to the network. For these reasons, a thorough search for the 
optimal network would require an impractical amount of time for networks with more than a handful of nodes. In 
order to make the optimisation problem tractable, several simplifications and heuristics are used: 
• Determination of Dp: diameters for each pipeline are selected so that they result in the lowest pressure drop above 
15 kPa/km. This heuristic relies on studies performed by the Pipeline System Design department of TransCanada 
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Pipelines [9] for natural gas transmission. Given that CO2 pipeline cost models are based on natural gas pipeline 
cost models [10], this natural gas transport heuristic should be applicable for CO2 transport. 
• Determination of Ns: pipeline links which require a higher inlet pressure than the maximum allowed by its flange 
rating are split into equal length segments. If more than one segment is necessary, the number of segments which 
minimizes total pipeline cost is selected. 
• Determination of node delivery pressure: compressors are only placed at essential locations. This approach is 
herein referred to as “network integrated compression strategy”. 
• Network connectivity constraints: cycles are not permitted in the network. Only connectivities of the “tree” and 
“forest” type are considered. 
These heuristics are applied by constraining the inputs passed on to ICCSEM. The nature of these heuristics 
restricts the range of the variables that the optimisation methodology will test. For this reason, it is possible that the 
global optimum may not be found. Nevertheless, the heuristics utilised in the optimisation methodology are chosen 
because they can quickly produce sensible variable choices that are acceptable for the scope of this study. 
3.2. Global optimisation methodology 
The CCS network optimisation procedure follows a nested approach, in which the topology or connectivity of the 
network as well as the injection rates are varied in an outer loop by means of a genetic algorithm, and the equipment 
variables (e.g. pipeline diameters, number of wells at each sink node, etc.) are varied in an inner loop. This allows 
the use of heuristics in the design of the network equipment (i.e. in the inner loop), thus reducing the computation 
time required by the outer optimisation loop, albeit somewhat sacrificing the accuracy of the optimal solution 
obtained. 
4. Results and discussion 
4.1. Single-sink scenarios 
The CO2 transportation network was first optimised using only one injection location at a time. The results of 
these optimisation runs are reported in Figure 2, where it is evident that the single-sink lowest cost is achieved using 
the close-shallow basin. This is because the close-shallow basin has the lowest compression and injection costs of all 
of the basins considered, given its favourable injection properties. Although the distant-shallow basin has high 
porosity and permeability, leading to lower injection costs than all other basins with the exception of the close-
shallow basin, its distant location from the emission sources resulted in significantly higher (by at least 69%) 
pipeline and compression costs. This is also the case for the other distant basins, making them less attractive than the 
close basins from the point of view of the specific cost of CO2 avoided. 
 
Figure 2. Cost comparison for single-sink solutions. The cost (horizontal) axis has been broken to facilitate comparison of non-separation costs. 
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4.2. Multiple-sinks scenario 
The optimal solution found for the multiple-sinks scenario is the same as the least-cost solution for the close-
shallow basin single-sink scenario, with pipeline and compression costs of A$18 and a total CCS network cost of 
A$78 per tonne of CO2 avoided. This means that splitting the captured CO2 into multiple sinks does not offer any 
cost advantages. The optimal network connectivity comprises a main or trunk line and two branch lines as depicted 
in Figure 3. 
 
Figure 3. Schematic of network connectivity for solutions utilising each of the close basins. Solid arrows ( ) are links used by all 
solutions, dashed arrows ( ) are used by the close-shallow least-cost solution, dotted arrows ( ) by the close-mid solution, long 
dashed arrows ( ) by the close-deep solution, and long dashed-dotted arrows ( ) are links used by both the close-mid and close-deep 
solutions. Green lines indicate existing gas pipeline routes. 
The least-cost solution found for each of the close basin injection depths is also compared to solutions which only 
use existing gas pipeline routes and inject at each of the close basin depths. In addition, a least-cost solution 
injecting into a combination of the close basin depths was also found for the CCS network using existing gas 
pipeline routes. This cost comparison is presented in Figure 4, and the network connectivity comparison is presented 
in Figure 3. It is interesting to note that the least-cost solution found using existing gas pipeline routes does not 
inject into the close-shallow basin, but splits the CO2 and injects a fraction into the close-deep basin, and the rest 
into the close-mid basin. 
 
Figure 4. Cost comparison of the least-cost CCS networks, and CCS networks using existing gas pipeline routes, injecting at each of the close 
basin depths and at the optimal combination of these (“All Close”). The cost (horizontal) axis has been broken to facilitate comparison of non-
separation costs. 
Following existing gas pipeline routes for the case utilising the close-shallow basin increases the specific cost of 
CO2 avoided by around A$1.80 per tonne (~2% or 10% of transport costs). Most of this increase is due to the 
increased pipeline costs, as the existing routes are longer than the optimal routes (by ~19%). A small part of the cost 
increase is because compression requirements are larger, also related to the longer network length. For the cases 
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using the close-mid and close-deep basins, the specific costs are only higher by A$0.85 and A$0.16 per tonne when 
following existing gas pipeline routes than when using the optimal routes found. These differences are minimal, 
owing to the fact that the pipeline networks are almost identical, which can be seen in Figure 3. It is possible that the 
use of existing gas pipeline routes would result in a lower specific cost of CO2 avoided if the costs and uncertainties 
associated with acquisition of right-of-ways are taken into consideration. For example, if the NPV of the costs 
associated with acquisition of right-of-ways is more than A$360 million, the specific cost of CO2 avoided would be 
higher for the close-shallow optimal solution than for the least-cost solution using existing gas pipeline routes. 
4.3. Compression strategy 
The usefulness of the heuristics utilised is analysed for the determination of node delivery pressures. Finding the 
optimal compression configuration is outside the scope of the optimisation model at this stage of development. A 
simple alternative to the network integrated compression strategy is to preset delivery pressures at each network 
node. For the optimal network connectivity found in the previous section, two different node delivery pressures (80 
bar and 100 bar) are compared against the network integrated compression strategy described in section 3.1.1. The 
cost results for this comparison are depicted in Figure 5.  
 
Figure 5. Cost comparison of different network compression strategies for the optimal network connectivity. The cost (horizontal) axis has been 
broken to facilitate comparison of non-separation costs. 
From Figure 5 it is evident that presetting node delivery pressures usually results in lower compression costs at 
the source nodes as well as lower pipeline costs. However, given that a compressor becomes necessary at each 
pipeline inlet, presetting a node delivery pressure usually results in a higher specific cost of CO2 avoided than the 
network integrated compression strategy. For this reason, using the network integrated compression strategy for the 
optimisation methodology presented in this work yields a lower specific cost than presetting the node delivery 
pressures. 
 
Figure 6. Schematic of optimal network connectivity with the  network integrated compression strategy, showing delivery pressures at each 
node. Recompression is indicated by a black triangle at the “Tarong North” source node. 
The schematic in Figure 6 shows the delivery pressures for the network integrated compression strategy. A 
similar schematic for the strategies which preset the node delivery pressures would result in the same preset pressure 
for all nodes and all pipelines requiring recompression. From Figure 6 it is also evident that the average pipeline 
pressure is higher for the network integrated compression strategy than for the strategies that preset delivery 
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pressure. The network integrated compression strategy has lower compression requirements because pressure drops 
are generally lower at a higher operating pressure. 
5. Conclusions 
This paper presents the first stage of development of an optimisation methodology for the design of integrated 
CCS networks comprising multiple emission sources and multiple injection locations. The methodology described 
here is used to obtain a CCS network design with minimal cost per tonne of CO2 avoided for the emission sources in 
the south-eastern Queensland region. The optimal network is one in which all of the captured CO2 is transported via 
a network with one trunk line and two branch lines. The CO2 is stored at an injection location close to the emission 
sources. The pipeline and compression costs for the optimal network are A$18 per tonne of CO2 avoided, or 
approximately US$15 per tonne of CO2 avoided. These costs are 9% less than the pipeline and compression costs 
for a network that follows existing gas pipeline routes. The total CCS network cost is A$78 (US$66) per tonne of 
CO2 avoided. 
A network integrated compression strategy is preferred over pre-setting the delivery pressure at each node. 
Although the latter strategy allows each individual pipeline link to be optimised independently, the integrated 
strategy will usually require a smaller number of compressor units, which results in a lower total CCS network cost 
per tonne of CO2 avoided. 
It is important to note that this type of optimisation requires significant user input in order to achieve realistic 
solutions. The level of user input will increase with the size of the problem, since the solution space is exponentially 
related to the number of nodes. The use of heuristics greatly reduces the time required to obtain realistic solutions. 
Although the use of heuristics may come at the cost of leaving the global optimum outside of the search space, this 
is acceptable for the economic scoping purposes of this study.  
This study uses a preliminary optimisation methodology with simplifying assumptions. Future studies will 
analyse the effect of the various economic parameters on the network connectivity and the relative contribution of 
the cost components to the specific cost of CO2 avoided. 
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